Humans are known to regulate the timing of interceptive actions by modeling, in a simplified way, Newtonian mechanics. Specifically, when intercepting an approaching ball, humans trigger their movements a bit earlier when the target arrives from above than from below. This bias occurs regardless of the ball's true kinetics, and thus appears to reflect an a priori expectation that a downward moving object will accelerate. We postulate that gravito-inertial information is used to tune visuomotor responses to match the target's most likely acceleration. Here we used the peculiar conditions of parabolic flight-where gravity's effects change every 20 s-to test this hypothesis. We found a striking reversal in the timing of interceptive responses performed in weightlessness compared with trials performed on ground, indicating a role of gravity sensing in the tuning of this response. Parallels between these observations and the properties of otolith receptors suggest that vestibular signals themselves might plausibly provide the critical input. Thus, in addition to its acknowledged importance for postural control, gaze stabilization, and spatial navigation, we propose that detecting the direction of gravity's pull plays a role in coordinating quick reactions intended to intercept a fast-moving visual target.
Introduction
The task of intercepting an object in motion requires the prediction of its future movements to compensate for visuomotor delays. Accurate prediction may depend on one's ability to monitor the target's position, velocity, and perhaps even higher-order temporal derivatives. Given the limited capacity of the visual system to discriminate acceleration (Werkhoven et al., 1992) , one might guess that humans would make systematic errors when attempting to intercept an accelerating target.
The lack of reliable real-time information about a visual target's acceleration does not, however, mean that the brain neglects acceleration altogether when performing tasks of interception. For instance, when asked to hit a ball, subjects tend to trigger the movement a bit earlier, for any given approach kinematics, when the target arrives from above, than from below (Senot et al., 2005) . This timing shift is consistent with an a priori expectation that downward-moving objects accelerate under the influence of gravity (Lacquaniti et al., 1993; McIntyre et al., 2001; Zago et al., 2008) . As such, it may reflect a strategy for anticipating the changes in speed most likely to occur during the time it takes neural signals from the visual system to have an effect on motor commands.
But what sensory information tells the CNS whether the target is moving with or against gravity? Signals from the inner ear are obvious candidates. Because otolith sensory organs respond differently according to the orientation of the head with respect to gravity (Fernández and Goldberg, 1976) , they could define the direction of expected acceleration. Other sensory information could also be used to detect the gravitational axis, including contact cues between the body and the environment, proprioceptive cues about the orientation of body segments with respect to support surfaces (floor, chair, etc.) and efference copy of motor commands required to support a tilted head or outstretched limb against gravity's pull. Until now, however, the sensing of gravity's direction has only been explicitly linked to the sensation and control of one's own body (e.g., postural control or gaze stabilization). The implication of graviceptor signals in interceptive tasks, when the primary mover is a visually perceived external object, is, as yet, undemonstrated. Indeed, theories of direct perception-action coupling (Gibson, 1979) propose that complex multisensory processes based on internal models of physics would be inefficient and unnecessary.
To test for a direct influence of gravity sensing on hand-eye coordination, we used the varying gravitational conditions evoked by parabolic maneuvers in an airplane. Parabolic flight has previously been used to study gravity's influence on the conscious perception of body orientation, with human subjects sometimes reporting sensations of being turned upside-down in zero gravity (0g) (Simons and Gardner, 1963; Lackner, 1992) . Here, we used parabolic flight to test whether mechanisms of gravity sensing could also play a role in a different class of neural processes, i.e.,thosethatunderlierapidreactionstointercept a moving object.
Materials and Methods
Participants performed an interception task in a virtual environment presented in a headmounted display. Real-time tracking of head orientation allowed for updating the visual scene according to the participant's direction of gaze; participants tilted the head upward to observe balls approaching from above and downward to observe balls rising from below. Participants pressed one button to launch the ball from a cannon then, after a random delay (200 -1000 ms), pressed another button to trigger the movement of the racquet. The racquet movement was always the same and had to be initiated 57 ms before the arrival of the ball at the center of the interception zone. Temporal windows for success depended on the ball's acceleration and flight duration and ranged from 26 to 93 ms. Balls approached the interception point with constant acceleration of Ϯ9.8 ms Ϫ2 , or at constant velocity. The distance from cannon to interception point was 8 m, while initial velocity was adjusted so that the ball covered this distance with one of three different durations (750, 800, and 850 ms) regardless of the ball's acceleration (see Senot et al., 2005 for details).
The experiment was performed in normal gravity and in weightlessness, the latter achieved during parabolic maneuvers of an airplane (Pletser, 2004) . In normal gravity, subjects sat on the floor with their knees bent. To intercept balls approaching from above, they leaned against a backrest and tilted the head to look upward toward the ceiling. When the ball approached from below, they leaned forward and tilted the head downward to look at the floor between their bent legs. In parabolic flight, the 22 s weightless phase of each maneuver is preceded and followed by an ϳ20 s period of hypergravity (1.5-1.8 g). Before each hypergravity phase, subjects adopted the same posture as in normal gravity, appropriate to the direction of the ball's approach (above or below). On injection into weightlessness, the backrest (if present) was removed and subjects maintained approximately the same posture as in hypergravity, but with their buttocks floating several centimeters above the floor.
For a given gravitational condition, subjects performed all trials for balls approaching from above, then all trials for balls approaching from below, or vice versa, randomized across subjects. In weightlessness, subjects executed three to five trials per parabola. For those who performed the experiment in both gravity conditions, the order of trials in normal gravity or weightlessness was randomized across individuals. To learn the racquet's movement, subjects practiced on the ground, looking straight ahead to intercept balls that moved horizontally at constant speed, until they successfully intercepted the ball three times (typically 10 -20 trials).
A total of 37 volunteers between 20 and 50 years of age (25 males, 12 females) performed the experiment as a part of this study (12 in normal gravity only, 7 in weightlessness only, and 18 in both gravity conditions). A local ethics board approved the protocol and subjects gave informed consent.
Statistical analyses were performed on the value of trigger time relative to impact obtained for each possible stimulus. Participants performed two to five repetitions for each of the nine possible ball kinematics within a given set of trials. Extreme trigger times were rejected as outliers based on the standard method of quartiles, computed participant-by-participant (Hill and Lewicki, 2007) . Trigger times were averaged over the remaining repetitions of each stimulus for each subject and the effects of the different experimental factors were assessed by two different ANOVAs (Statistica; StatSoft). The first was performed on trigger times from all subjects, with the ball's approach direction (above or below), duration (750, 800, or 850 ms), and acceleration (accelerating, decelerating, or constant speed) treated as withinsubject factors, while gravity (normal gravity or weightlessness) was treated as a between-groups factor. Because some participants performed the experiment in both gravity conditions, they contributed data to both the normal gravity and weightlessness samples. Thus, the sum of n ϭ 30 for normal gravity plus n ϭ 25 for weightlessness is greater than the number of different participants (n ϭ 37) in this analysis. The second ANOVA was restricted to the participants who performed the experiment in both normal gravity and weightlessness (n ϭ 18), with direction, duration, acceleration, and gravity treated as within-subject factors. We used Newmann-Keuls for post hoc testing and 2 to compare success rates. Figure 1a shows the average trigger time for balls coming from above or below in each gravity condition. Although intersubject variability was high, subjects responded earlier in normal gravity, on average, when the ball came from above (Ϫ87 Ϯ 18 ms, mean Ϯ SEM) compared with below (Ϫ73 Ϯ 19 ms), consistent with our previous studies on the ground (Senot et al., 2005; Le Séac'h et al., 2010) . This systematic bias was reversed in weightlessness, where subjects triggered the racquet earlier, on average, when the ball came from below (Ϫ93 Ϯ 25 ms) compared with above (Ϫ63 Ϯ 22 ms). Computing the difference between above and below on a subject-by-subject basis reduces intersubject variability and reveals more clearly the shift in relative timing that occurs between the two gravity conditions (Fig. 1b) . The up/ down asymmetry in timing was reflected in success rate as a function of the ball's acceleration and direction of flight (Fig. 1c) . In normal gravity, participants succeeded more often for accelerating balls that approached from above than from below, and more often for decelerating balls that approached from below than from above. In other words, greater success was achieved for balls that complied with gravity's constraints than for those that did not. The opposite was true in weightlessness, where subjects had greater success for balls that moved coherent with a (nonexistent) upward gravitational pull than for those that accelerated downward as if in normal gravity.
Results
Statistical analyses confirmed these results. As in our previous experiments, we found significant effects of the ball's acceleration and flight duration on the timing of responses (Table 1) . Once the effects of these different factors were taken into account, however, we found a highly significant cross-effect between direction and gravity ( p Ͻ 0.001) that confirms the timing reversal displayed in Figure 1a . Post hoc analyses showed that subjects responded earlier for above versus below in normal gravity and earlier for below versus above in weightlessness ( p Ͻ 0.05). There were no other significant cross-effects. Supplementary   Figure 1 . Interception responses as a function of the ball's acceleration, direction of movement, and the gravitational context. a, Average trigger time with respect to the arrival of the ball (mean Ϯ SEM). b, Average within-subject difference in trigger time between above and below (mean Ϯ SEM) for subjects that performed the experiment in both gravity conditions. c, Success rate.
tests (e.g., nonparametrics, multivariate ANOVA, outlier detection; data not shown) were conducted to guard against errors due to nonnormality or nonsphericity of data distributions and yielded the same significant contrasts as the standard ANOVA shown in Table 1 . In addition, the pattern of success rate, as a function of whether the ball accelerated in accord with normal gravity or not (Fig. 1c) , changed significantly between 0g and 1g ( 2 analysis, p ϭ 0.005). Note that not all subjects showed a full reversal of response timing during parabolic maneuvers: 22 of 26 subjects responded earlier for balls that came from below than from above in weightlessness. Of the 18 subjects who performed the experiment in both gravitational conditions, 14 showed a shift toward earlier trigger times for below versus above in weightlessness compared with their performance in normal gravity.
Control tests
We tested whether response patterns could be attributed to factors other than the gravitational context itself. First, we asked whether the simple fact of performing the experiment in a flying airplane could produce the observed effects. For example, participants may have paid less attention to the task because of vibrations of the plane, noise, or the stress of parabolic flight. ANOVA applied to trigger time, including the factor experiment location (ground vs flight) showed no significant interaction between the direction and experiment location factors, nor was there a significant main effect of the latter on the overall trigger time (Fig. 2a) . To test whether anti-nausea medication could explain the timing reversals, we asked a subset of participants to perform the experiment on the ground 30 min after the administration of an injected dose of scopalamine but before the take-off of the aircraft, and a second set of nonmedicated trials on a different day. A valid ANOVA cannot be performed for so few subjects, but we note that these subjects responded earlier, on average, for balls approaching from above versus below in normal gravity whether they were under the influence of anti-nausea medication or not (Fig. 2b) .
Discussion
Given our previous experiments on interception performed on the ground and during orbital spaceflight, the reversal of up/down timing patterns in parabolic weightlessness was quite astonishing. Suppression of the up/down differential would have been a more obvious result, since the effects of gravity on the body and other objects were removed. Because contact forces between the body and the plane were essentially zero and because there were no windows by which one could see the plane's trajectory, gravity's effects had disappeared within the local environment as far as available sensory information was concerned. Alternatively, one might predict that the up/down differential would be maintained, based on other sensory or cognitive cues. Indeed, some subjects, when lying supine, anticipate gravity's effects when said targets move in a head-to-feet direction (Miller et al., 2008) or downward in a virtual scene with strong up/down visual cues (Indovina et al., 2005; Moscatelli and Lacquaniti, 2011) . Furthermore, astronauts who were seated upright in the space shuttle continued to anticipate the effects of gravity on a ball projected downward from the ceiling even after 14 d on orbit (McIntyre et al., 2001) .
Why, then, did we observe a reversal of this up/down effect in parabolic flight, in contrast to our other studies in weightlessness? The answer most likely stems from the particular conditions of the parabolic maneuver, which is known to evoke reports of feeling flipped upside-down (Simons and Gardner, 1963; Lackner, 1992 ). The 22 s weightless phase of each parabola is bracketed by two phases of hypergravity (1.5-1.8 g), each lasting ϳ20 s. This exposure to constant acceleration well above 1 g is relatively long for Earth-bound beings, unless they are accustomed to riding in jet airplanes or drag racers. It is conceivable, therefore, that the CNS interprets afferent signals under the a priori assumption that any constant acceleration lasting more than a few seconds must be that of normal Earth gravity (Merfeld et al., 2005) . The unloading of the otoliths and other graviceptors when passing from hypergravity to 0g might therefore be sensed as negative gravity, i.e., a gravitational pull in the upward direction. This interpretation would be reinforced by other sensations, such as increased cranial blood pressure and the rise of internal organs within the body when gravity's pull is released. One would experience all of these sensations if the body were suddenly inverted in a 1g environment. The CNS might therefore associate these inputs with the more plausible situation of being upside down in a normal gravitational environment, rather than correctly interpreting these signals as an indication of weightlessness or freefall.
Numerous studies have demonstrated a dissociation between conscious visual perception processed by a ventral cortical stream and visually guided actions mediated by a dorsal cortical stream (Goodale and Milner, 1992) , with the latter thought to be immune to optical illusions when memory is not involved (Bruno et al., 2008) . So, even in light of the potential for inversion illusions in parabolic flight, our observations of timing reversals in an interception task are surprising. If a tight link between these phenomena exists, it could reflect top-down influences of multisensory cognitive context on visually guided actions (see below). A looser correlation could simply reflect the influence of common sensory signals on two separate processes. In either case, what might be the sensory signals driving those responses? Figure 3 depicts idealized properties of otolith signals that could conceivably underlie the effects of parabolic flight. For instance, the suppression of saccular activity due to negative acceleration tends to bottom out, such that there may be little difference between 0g and Ϫ1g discharge rates for cells preferentially tuned to upward acceleration (Z ϩ units; Fig. 3,  left) . While one would also experience such low Z ϩ firing rates when lying down, the CNS might nevertheless associate this state of minimal saccular activity, coupled with the absence of ϩ1g excitation of utricular organs, with an upside-down posture in ϩ1g. Dynamic properties of discharge rates might also lead to signals compatible with an upside-down posture. If Z ϩ/Ϫ units exhibit phasic as well as tonic activity during changes in acceleration (Fig. 3, middle) , the individual neurons and the combined estimate will briefly overshoot the 0 g level during the transition from hypergravity to hypogravity. This negative gravity state might then persist internally during the 22 s 0g phase because no otolith activations would contradict this interpretation. Habituation of afferent signals over a 22 s timescale would further blur the distinction between brief exposure to 0g and an equally brief upside-down flip in 1g, such that patterns of saccular activity could be quite similar in these two situations (Fig. 3, right) . The fact that all three phenomenasaturation, overshoot, habituation-can be observed in data recorded from saccular afferents (Fernández and Goldberg, 1976) indicates that otolith signals, at least in theory, may be at the root of the timing reversals observed in parabolic flight. In this light, it is intriguing to note that otolith contributions to vestibulo-ocular reflexes change direction and increase in magnitude in upsidedown animals (Brettler et al., 2000) in the same way that the differences in timing between above and below changed sign and increased in magnitude in 0g (14 ms for 1g vs 30 ms for 0g, p ϭ 0.011) in our experiments. Asymmetry in otolith-mediated, optokinetic nystagmus can also be reversed both in 0g and in a head-down posture in humans (Clément and Lathan, 1991) , giving further credence to the hypothesis that upside-down-like otolithic inputs in 0g could be the source of the timing reversal observed in our experiments.
From our experiments, the presence of gravity appears to be a sufficient condition to evoke up/down biases in interceptive responses, at least in some subjects. It is not, however, a necessary condition. Indeed, it is thought that a network of connections involving the insulae and temporoparietal junction of the brain integrates a variety of sensory modalities to define an up/down reference frame and then tunes fast interceptive responses within that context (Indovina et al., 2005) . The integration of visual, tactile, and proprioceptive signals, in addition to other graviceptors, would explain why subjects may react to targets moving off the gravitational axis (Miller et al., 2008; Moscatelli and Lacquaniti, 2011) or in weightlessness (McIntyre et al., 2001) as if the targets were moving downward, as noted above. Idiosyncratic differences in the weighting of different sensory modalities could also explain why some subjects did not show a timing reversal in weightlessness, in much the same way that individuals depend differently on visual, graviceptor and idiotropic cues to define the perceived vertical (Dyde et al., 2006) and that not all subjects experience conscious illusions of being turned upside-down in weightlessness (Simons and Gardner, 1963; Lackner, 1992) . In fact, according to one theory, vestibular signals are ambiguous anyway, such that additional sensory cues are required to determine up and down even in a normal Earth environment (Bortolami et al., 2006) . Under this theory, proprioceptive cues or contact forces specific to weightlessness, rather than dynamical properties of vestibular neurons themselves, would be the source of the reversal in up/down catching behavior.
Can a case be made, therefore, for an effect of vestibular signals on interception responses? In our experiments, we allowed our participants to float above the floor of the aircraft during 0g phases, essentially eliminating contact cues in all directions. Moreover, the visual cues did not change between the different gravitational fields. This leaves the direct action of gravity on the body as the main parameter that changed between normal gravity and weightlessness. In this context, it is intriguing to note that, whereas healthy participants were prone to inversion illusions in parabolic flight, no such illusions were reported by a group of patients with bilateral labyrinthine defects (Graybiel and Kellogg, 1967) . From that observation, and the plausible, vestibular-based mechanisms outlined above, one might surmise that otolith signals themselves are the most likely culprit behind the reversals of interception timing observed in our experiments.
Typically, one associates the sensing of gravitational acceleration with the detection and compensation of movements of the head and body in space. For instance, vestibulo-ocular reflexes act to stabilize gaze in the face of head movements (Green and Angelaki, 2003) , integration of gravito-inertial cues contributes to spatial navigation (Israël and Berthoz, 1989; Mittelstaedt, 1999) , and maintaining an upright posture is a primary function of the vestibular organs (Cathers et al., 2005) and other graviceptor cues. Gravity may also be taken into account in the optimal control of vertical limb movements (Berret et al., 2008 ; Creve- coeur et al., 2010) and gravity sensing may contribute to the adaptation of limb kinematics in 0g (Papaxanthis et al., 2005; Gaveau et al., 2011) . Here, we have implicated gravity sensing in a different type of function, i.e., that of predicting the motion of a visually perceived external object. By comparing reversals in the timing of interceptive behaviors observed in parabolic flight to known dynamical properties of otolith receptors, we postulate a novel role of the inner ear in the tuning of fast, interceptive actions directed toward a moving visual target.
